Background: The convergence of three-dimensional (3D) simulation, tissue engineering, and 3D printing technology is creating a paradigm shift in plastic surgery. In augmentation rhinoplasty, determining the ideal material and design method has been a critical issue for many years. Thus, these technologies are expected to make important contributions to augmentation rhinoplasty. Objectives: We sought to validate the feasibility of the 3D carving simulation and patient-specific implant fabrication system (3D carving system) in a clinical trial using reproducibility tests. Methods: Patient-specific implants were designed using a program developed in-house with preoperative computed tomography (CT). Negative molds of the implant were fabricated by a 3D printer and silicone was injected into these molds. Ten actual silicone implants were fabricated and compared with virtually designed implants. Seven patients underwent surgery and postoperative CT to confirm implant positioning. Results: Virtually designed implants were produced into actual implants within 0.07 mm with a 0.17% ± 0.11% difference. The percentage within the gap was the highest at the cephalic end of the implant and reduced from the cephalic to caudal end (most cephalic point: 100%; rightmost and leftmost point of the implant at the caudal end of the nasal bone: 57.1% and 71.4%, respectively; rightmost and leftmost point at the supratip break: 28.6% and 28.6%, respectively; and most caudal point: 0%). Conclusions: The 3D carving system can facilitate rhinoplasty by enabling the more intuitive, rapid, and accurate fabrication of implants irrespective of surgeon experience level.
Rhinoplasty is one of the most popular aesthetic plastic surgeries. Most Asian patients undergoing rhinoplasty require nasal tissue augmentation. 3 Investigations of the ideal material and design method with which to augment nasal tissue have been ongoing for many years. Thus, 3D simulation, tissue engineering, and 3D printing are expected to play important roles in augmentation rhinoplasty, and many related studies have been introduced to date. [4] [5] [6] [7] [8] [9] However, several limitations were exposed in previous studies. Since existing 3D simulation programs were designed to be overly flexible and limitless for predicting postsurgical morphology, a gap between simulation and actual surgical results has emerged. 9 As a result, there is an increased burden on surgeons to minimize this gap in the operating room. Furthermore, to our knowledge, no study has used simulated implants in human rhinoplasty surgeries. Next, although some cartilage equivalents were introduced as new materials for rhinoplasty, 2,4,5 they were limited to animal studies. Further, 3D bio-printing, which was used in recent studies, still remains inaccessible due to initial investment concerns, operational costs, and implementation unease. 10 Therefore, the revolutionary incorporation of these technologies has traditionally been subject of laboratory debates and is still far from being commonly utilized in plastic surgery clinics. To overcome these limitations, here we present a 3D carving simulation and patient-specific implant fabrication system, referred to as the "3D carving system." This technology seeks to enable an intuitive, less time consuming, and highly accurate implant design as well as the precise fabrication of implants using a low-cost 3D printer (Cubicon Single; Hyvision System, Korea).
METHODS

Overview of Study Design
This study was performed at the Department of Plastic and Reconstructive Surgery, Soonchunhyang University College of Medicine, between July 2015 and June 2016. The study protocol was approved by the Institutional Review Board of Soonchunhyang University Bucheon Hospital (IRB No.: SCHBC2015-11-001-001). We performed the validation study in a two-stage experiment. The first stage of the experiment involved checking the reproducibility of our 3D carving system using 10 computed tomography (CT) scans. The second stage involved the clinical application in 7 patients. In the first stage of the experiment, 3D implant models were virtually generated using in-house developed software, a 3D carving simulation program, and CT scan data of patients who had taken augmentation rhinoplasty and had agreed to their medical information being utilized. The in-house developed software, entitled the "3D carving system," provides specialized methods to the 3D design of patient-specific implants using the patient CT and the selected implant model from implant library by the user. More detailed procedures will be described later in the "3D Carving Simulation Program" section. Ten silicone implants were then fabricated according to the virtual design and 10 pairs of design files and silicone implants were compared to evaluate the reproducibility of the proposed system. For the second stage of the experiment, 7 patients who underwent surgery using the 3D carving system were recruited by a single surgeon (ES Park). Surgical procedures were explained to all patients and written informed consent was obtained from each.
The inclusion criteria were: (1) age 19 to 65 years; (2) need for nasal dorsum augmentation; and (3) consent for the use of silicone implants. The exclusion criteria were: (1) need for a nasal bone osteotomy; (2) need for septal surgery; and (3) history of previous augmentation rhinoplasty.
Three-Dimensional Carving Simulation and Patient-Specific Implant Fabrication
The main workflow is as follows (Figure 1 ).
1. Preoperative CT scan with thin sections (≤1 mm) 2. Design of the patient-specific implant using the in-house developed program (3D carving simulation program; Figure 2 and Video 1, available as Supplementary Material at www.aestheticsurgeryjournal.com) 3. Fabrication of the negative molds of the patientspecific implant using a 3D printer 4. Fabrication of the patient-specific implant by injection of the silicone into the mold
Three-Dimensional Carving Simulation Program
Patients' preoperative CT scan images were imported in digital imaging and communications in medicine (DICOM) format and reconstructed into 3D models of the Video 1. Watch now at https://academic.oup.com/asj/ article-lookup/doi/10.1093/asj/sjx046 bone and skin by segmentation. Thereafter, the natural head position was determined by the user, and 2 anatomical landmarks, the nasion and rhinion, were selected. With these settings, the image of the cartilaginous part of the nose was estimated from the skin contour, while the nasal structure was quantitatively analyzed. The equation that generated the contour of the nasal cartilage is defined as follows:
Scaling factors (SF) Right (Rt) and SF Left (Lt) Figure 3 ). In the axial plane of the rhinion, the skin contour was moved posteriorly to match the rhinion of the bone and the skin. Because the skin is less curved than the bone at the nose there is a gap between them that gradually increases on both sides. To minimize this gap, we calculated the scaling factors by (1) and shrunk the right and the left half of the nose in the lateral direction using SF Rt and SF Lt . After generating the 3D models of the nasal bone and cartilage, the user selected an implant type and size from an implant library. The implant library was produced with reference to a commercial product family of prefabricated implants (Bistool, Seoul, Korea). The user then modified the detailed properties of the implant in terms of length, width, and thickness as necessary. The user sequentially placed the selected implant on the patient's 3D model in the anterior, lateral, and worm's views. Parts of the implant that overlapped with the tissue were automatically removed using a Boolean operation. The developed software provided real-time implant information, such as thickness, length, and width. Finally, the patient-specific implant model was automatically converted into a standard 3D stereolithography (STL) file format.
Fabrication of Patient-Specific Implants by 3D Printing
The design file was processed to create negative molds by a computer-aided design (CAD) program (Rhinoceros 5.0; McNeel, Seattle, WA). Two pieces of the negative mold were printed by fused deposition modeling using a 3D printer (Cubicon Single; Hyvision System, Seongnam-si, Korea) with an acrylonitrile butadiene styrene (ABS) Figure 2 . Design of the patient-specific implant using the in-house developed program (3D carving simulation program). (A) Preoperative computed tomography scans of a 26-year-old female patient were imported in digital imaging and communications in medicine format and reconstructed to three-dimensional (3D) models of the bone and skin by segmentation. (B) After 2 anatomical landmarks, the nasion and rhinion, were selected by the user, the image of the cartilaginous part of the nose was estimated from the skin contour, and the nasal structure was quantitatively analyzed. (C) The user selected an implant type and size from an implant library. The user then modified the detailed properties of the implant in terms of length, width, and thickness as necessary. (D) The user sequentially placed the selected implant on the patient's 3D model in the anterior, lateral, and worm's views. The developed software provided real-time implant information, such as thickness, length, and width.
filament. Subsequently, curable silicone at room temperature (NuSil MED4-4420; NuSil Technology LLC, Carpinteria, CA) was injected into the negative mold (Bistool). After curing, the final implant was separated from the molds.
Evaluation of Reproducibility
First, silicone implants were measured by a caliper. The maximal length, width, and thickness in the long axis at 1-cm intervals were measured and compared with the same parameters of corresponding design files using the CAD software (McNeel).
Second, the surfaces of the silicone implants and their design files were superimposed to compare the detailed differences. To obtain the silicone implants' surface, we performed micro-CT scanning (Skyscan 1172; Bruker AXS GmbH, Karlsruhe, Germany). The DICOM data were converted into 3D STL files, and the STL files from the simulation and scanned data were analyzed by a shell-toshell deviation method (Rapidform XOV2 software; INUS Technology, Seoul, Korea).
Clinical Application
After performing preoperative CT scanning, surgical planning was done with patient's participation using the 3D carving simulation program. The patient's request was coordinated by the surgeon. After surgical planning, the patient-specific silicone implant was fabricated for each patient. To check the exact planned implant position during surgery, the distance from the line connecting the right and left medial canthus to the most cephalic point of the implant was measured (Figure 4) . The surgery was performed by conventional procedures with local anesthesia. The implant was inserted in the subperiosteal plane. An additional procedure such as tip-plasty using the concha cartilage was performed when necessary.
Postoperative Analysis
Postoperative CT scans were obtained within 2 weeks after surgery and converted into 3D models of the bone and implant. Facial bones from pre-and postoperative CT data were superimposed to compare the positions of the preoperative simulated implants (Is) with those of the actual postoperative implants (Ip) ( Figure 5 ). Because implants in the postoperative CT showed diverse Hounsfied unit (HU) values and unclear boundaries, they could not be converted into clear 3D models. 11 Thus, it was very difficult to compare both implants (Is and Ip) using the shell-to-shell deviation method. To solve this problem, the x, y, and z coordinates of the 6 points were measured in both implants (Is and Ip), and the distance of each point between Is and Ip was calculated. The maximum allowable gap was set at 1.5 mm considering the unclear boundaries and thickness of the CT images (1 mm). The 6 points of the implant were as follows: most cephalic point (Ce), rightmost and leftmost point at the caudal end of the nasal bone (Brt and Blt), rightmost and leftmost point at supratip break (Srt and Slt), and most caudal point (Ca).
Statistical Analysis
Data are presented as mean ± standard deviation (SD) with median (interquartile range [IQR] ). The statistical significance of the differences between the two measurements made by vernier calipers and the CAD software (McNeel) was assessed using the Wilcoxon signed-rank test. Comparing the difference values of 0, 0.1, and 0.2, the difference error was examined by the Mann-Whitney U test. A two-tailed value of P < 0.05 was considered statistically significant. All analyses were conducted using R version 3. Method for estimating the nasal cartilage contour from the skin contour. At the axial plane of the rhinion, the skin contour is moved posteriorly to match the rhinion of the bone and skin (red arrows). Because the skin is less curved than the bone at the nose, there is a gap between them that gradually increases on both sides. To minimize such a gap, we calculated the scaling factors (SF) and shrunk the right and left half of the nose in the lateral direction using SF Right (Rt) and SF Left (Lt) , defined as follows: 
RESULTS
System Reproducibility
Detailed comparisons of the measurements by vernier calipers and CAD software (McNeel) by statistical analysis are presented in Table 1 
Results of Clinical Application
All patients completed the surgery with no complications. Table 3 presents patient demographics and characteristics of the surgery. Six female patients and one male patient were recruited. The mean patient age was 44 years (range, 26-58 years). The mean implant design time was 8.5 minutes, while the mean implant fabrication time was 2.4 days. The average distance of each point on the nasal bone but the nasal cartilage was within the allowance gap (Table 4 ; Ce, 0.86 mm; Brt, 1.08 mm; Blt, 1.13 mm; Srt, 2.85 mm; Slt, 2.4 mm; Ca, 2.09 mm). The percentage within the gap was the highest in the cephalic end of the implant (Ce, 100%), which was reduced from the cephalic to the caudal points and differed significantly among points (Brt, 57.1%; Blt, 71.4%; Srt, 28.6%; Slt, 28.6%; Ca, 0%; P value, 0.001).
DISCUSSION
As aesthetic nasal augmentation gains popularity in Asia, 12 there have been many attempts to discover its optimal materials and design methods. Among several alloplastic and biologic materials, Asian augmentation rhinoplasty was developed with a silicone implant, which remains the most popular augmentation material. Although silicone has been widely condemned due to its lack of biocompatibility, 12 complications have remained negligible with proper preparation and precise subperiosteal implant placement. 13, 14 The most important point of preparation is the precise fabrication of the ventral surface of an implant conforming to the patient's convex surface of the nasal bone and cartilage. 15 If the implant is not fully fabricated it will tend to rock on the nasal framework, resulting in the so-called "see-saw" effect (Video 2, available as Supplementary Material at www. aestheticsurgeryjournal.com). This "see-saw" effect can cause deviations and demarcations. 15 For this reason, efforts to fabricate superior implants for individual patients have continued. Since carving silicone blocks was a time-consuming process in the early days, commercially available prefabricated implants became popular. 15, 16 However, it was difficult to trim prefabricated implants to conform to the exact ventral surface. This led to uneven surgical outcomes depending on the surgeon's experience level. To overcome these shortcomings, "custom-made nasal implants" that were preoperatively 
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With additional trimming of the cartilaginous portion of the implant fabricated using an alginate impression of the nose were introduced. 15 However, these did not gain popularity because the alginate impression derived from the patient's skin instead of the nasal bone and cartilage was inaccurate and uncomfortable to patients. With the development of 3D simulation techniques, there was an attempt to design implants using 3D simulation of the postoperative morphology. 9 After simulating a postoperative morphology, the implant was designed from the difference in the nasal volume before vs after simulation. However, this has never been attempted in human surgeries. Most 3D simulations are developed based on expected postoperative morphologies because surgeons need them to establish their surgical plan and patients are eager to know the outcome. 9 However, at present, the predicting of postoperative morphology in rhinoplasty using simulation programs is difficult 17 due to the fact that the nasal profile is determined by numerous variables. 18 Furthermore, the thicker skin and soft tissues of the various nasal areas undergo fewer changes in augmentation rhinoplasty. 15 In addition, nasal cartilage cannot be distinguished from soft tissues in CT scanning, magnetic resonance imaging (MRI), or other imaging modalities. 6 The solution for the precise prediction of postoperative morphology in aesthetic surgery may be not a traditional data processing technique but rather a machine-learning technique using vast amounts of information, ie, the so-called "big data." 19 With advances in tissue engineering and 3D printing, several new materials for rhinoplasty have been introduced. 2, 4, 5, 20 One nasal alar cartilage equivalent was investigated using a mixture of human chondrocytes/polyl-lactic acid. 4 However, no study to date has reported a method for producing error-free implants with respect to the intended design. Any tissue equivalent is meaningless B A Figure 8 . Postoperative computed tomography scan (at 14 days after surgery) of a 58-year-old woman with an irregular contour of the nasal bone and underwent augmentation rhinoplasty using the 3D carving system. The ventral surface of the implant is precisely contoured so that it blends nicely with the nasal bone.
if it is difficult to produce precisely enough to match the intended simulation. Therefore, research on exactly how to produce them is critical. Although 3D printers have recently become readily available and inexpensive enough to be used by the general public, 2 those that can utilize biocompatible materials and produce surgical tools remain expensive and difficult to use.
However, these technologies will one day be the mainstream in plastic surgery. To overcome the aforementioned deficiencies, we endeavored to develop the 3D carving system. To our knowledge, this study is the first to attempt to create a human application of patient-specific implants and verify their accuracy in rhinoplasty. Its simulation does not focus on postoperative morphology but on actual bone and cartilage surfaces. This system aims to provide precise implant fabrication that blends inconspicuously with nasal structures and allow the ventral surface to conform to the nasal bone and cartilage contours for consistent postoperative results and safety regardless of surgeon experience level.
In the conventional manual implant carving method, it is impossible to determine surgical accuracy because the postoperative prediction could not be made objectively. On the other hand, we could make the postoperative prediction objectively by 3D carving system and quantitatively measure the surgical outcome. Virtually designed implants were reproduced into actual silicone implants within 0.07 mm with a 0.17% difference. This suggests that the system's reproducibility is acceptable for clinical application. Based on its clinical application, the implant was assumed to have been inserted as planned on the nasal bone. The ventral surface of the implant was precisely contoured so that it blends nicely with the nasal bone, particularly for subtler contour irregularities (Figure 8 ). However, with implants on the nasal cartilage, there was a gap between the preoperative plan and the actual results. This is thought to be due to several reasons. First, because the nasal bone is a fixed hard tissue, the nasal bone does not change even if the implant is inserted; thus, its reference points are maintained. On the other hand, because nasal cartilages have an elastic property, they are compressed and changed because of the implant's weight and volume. Second, whereas precise reconstruction of the nasal bone from a CT scan can be achieved, that of the nasal cartilage is only incompletely achieved from the skin contour. Because skin contour does not precisely correspond to cartilage, its reference points are assumed to have been incorrectly defined at the planning stage.
With our system, users can save time preparing implants. The program was developed to place each implant in 3 separate planes sequentially because it is very difficult and requires skill to be placed within a 3D space. We used an implant library because prefabricated design templates are more convenient and time saving than using the surgeon's own design. Therefore, it took a mean of 8.5 minutes to design the implant, which was done during the patient interview. Moreover, the results of this study correspond well with those of an earlier study, proving the feasibility of custom-made silicone implants to correct a pectus excavatum. 21 The previous study used a commercial CAD software program and conventional molding technique. Our study demonstrates the first attempt to apply rhinoplasty using an in-house software and direct 3D printing of molds for prompt fabrication. This method enabled the achievement of rapid implant fabrication (average 2.4 days). Furthermore, 3D printing was performed by an inexpensive, easy-to-use 3D printer 22 (about US$25,000) and materials 23 (about US$0.7 for one case).
This study has several limitations. First, it included a small number of patients without long-term follow up or a comparison with conventional methods. Thus, we plan to include more patients and conduct long-term follow ups with a case control study. Second, no direct visualization of the nasal cartilage was performed. An additional cadaveric study about the relationship between the contour of the nasal cartilage and the contour of the skin and mucosa is ongoing. Third, the augmentation material was silicone instead of a tissue-engineered scaffold. Because our aim was to explore the overall availability of the 3D carving system, silicone with a mold technique that can be applied in humans without safety and legal issues was used in this study.
CONCLUSIONS
Our proposed 3D carving simulation and patient-specific implant fabrication system, the 3D carving system, can enable the more intuitive, rapid, and accurate fabrication of implants in rhinoplasty. The reproducibility test of the silicone implants showed acceptable results. Although visualization of the nasal cartilages is the main limitation of this study, clinical applications indicate that our system provides precise implant fabrication and implantation for consistent postoperative results regardless of surgeon experience level.
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